INTRODUCTION
Developmental dysplasia of the hip (DDH) refers to a spectrum of abnormalities affecting the hip joint, ranging from dysplasia to subluxation to dislocation. DDH typically arises in utero or during the neonatal period. Hip dysplasia describes abnormalities in the structure of the femoral head, acetabulum, or both. The typically cup-shaped acetabulum may be shallow, and femoral head ossification may be delayed or altered. The hip must be located for the acetabulum and proximal femur to develop normally.
A hip may be located/reduced (femoral head within the acetabulum), subluxated (femoral head partially out of the acetabulum), or dislocated (femoral head outside of the acetabulum). A located hip may be subluxatable (femoral head can be partially displaced from the acetabulum) or dislocatable (femoral head can be completely displaced from the acetabulum), and dislocated hips can be reducible (femoral head goes back into the acetabulum with manipulation) or irreducible (femoral head cannot go back into the acetabulum). DDH is a unilateral disease in 63% of patients and preferentially affects the left side in 64% of patients [1] . The left side is frequently affected as it is commonly adducted against the mother's lumbosacral spine in utero.
Diagnosis and management of DDH varies with age at presentation. When DDH is detected in the first months of life, treatment is typically simple and successful [2] . This review provides an update on advances in the diagnosis and management of DDH in patients presenting between birth and six months of age. Circulating estrogen from maternal and fetal sources likely contributes to ligamentous laxity, and increases DDH risk in females [9] . A higher number of estrogen receptors in DDH patients compared with controls support the role of hormones in DDH development [9] . First-born children may be affected twice as often as subsequent siblings [4 & ,7] ; this may be related to less elasticity in the uterus resulting in compressive forces on first-born fetuses [10] External risk factors have also been reported. Swaddling infant hips in an extended and adducted position increases DDH risk, likely due to tension on the hamstrings and iliopsoas. A Japanese study demonstrated that DDH rates decreased from 1.1-3.5% to less than 0.2% after a national campaign to avoid prolonged extension of the hips and knees in infants [1, 17] . Swaddling methods that allow hip and knee flexion, hip abduction, and free leg motion have recently been shown to be safer [18 && ,19 && ]. In practice, using a roomy sleep sack or swaddling only the arms are safe options.
INCIDENCE AND RISK FACTORS

DIAGNOSIS
Anatomy
Hip anatomy is altered in DDH. The most common bony abnormalities include a shallow acetabulum and increased femoral anteversion. Three-dimensional magnetic resonance imaging (MRI) demonstrated that dislocated femoral heads experience growth failure and are typically aspherical and smaller compared with healthy contralateral hips [20] . However, significant remodeling can occur after successful reduction of the hip joint [21] . Soft tissue abnormalities can include hypertrophy of the labrum (termed limbus) with potential displacement; development of the neolimbus (fibrocartilage ridge at the superolateral femoral acetabulum) [22] ;
KEY POINTS
Classic risk factors for DDH include female sex, firstborn infant, breech positioning in utero, and positive family history, but recent studies have also found an increased risk with postmaturity and higher birth weight, whereas prematurity has been associated with a decreased risk of DDH.
Swaddling legs in extension is associated with development of DDH in the neonatal period. Safe swaddling techniques allow for hip and knee flexion, hip abduction, and free movement of the legs.
Infants with breech positioning in utero are at risk for residual dysplasia even with a normal physical and ultrasound. Follow-up at the age of 6-7 months with radiographs is recommended for third trimester breech infants to assess for residual dysplasia.
Risk factors for brace failure include treatment-related femoral nerve palsy, treatment with a static brace, irreducible hip, initiation of treatment after seven weeks of age, right hip dislocation, male sex, and Graf-IV hips.
Although the Pavlik harness is successful in 70-95% of cases, a rigid abduction brace should be considered in cases of harness failure, as this strategy may successfully reduce up to 87% of hips that fail Pavlik harness treatment.
hypertrophy of the ligamentum teres and pulvinar; contraction of the transverse acetabular ligament; stretching/enlargement of the capsule and contracture of the psoas and adductor tendons. Soft tissue abnormalities are often mechanical blocks to concentric hip reduction.
Evaluation
Newborns should undergo a hip examination by a pediatric provider skilled in these examinations, with periodic repeat exams in the first few years of life [19 && ]. A careful history should focus on risk factors including sex, birth order, presentation, gestational age, birth weight, and family history of hip disorders or ligamentous laxity. A full musculoskeletal exam of the upper and lower extremities and spine, with specific evaluation for torticollis, congenital dislocation of the knee, and metatarsus adductus should be performed.
The hip examination begins with observation of symmetry for or apparent femoral shortening. The Galeazzi (Allis) sign identifies real or apparent femoral shortening which should raise suspicion for DDH. In small infants subtle differences in length may be difficult to identify, thus a negative Galeazzi sign does not rule out hip dysplasia. Passive hip range of motion allows for detection of instability, hip click, or limited motion. The sensitivity of limited hip abduction increases after eight weeks of age [23] ; newborn infants may have a dislocated hip and still have normal hip abduction. The Ortolani and Barlow maneuvers test hip stability. Ortolani: the hip at rest is dislocated, and a gentle abduction and anteriorly directed force is applied to the hip while stabilizing the contralateral hip in abduction. A palpable 'clunk' signifies reduction of the hip, and the hip is termed dislocated but reducible. Barlow: the hip is reduced at rest, and a gentle posteriorly directed force is applied to the adducted hip. If the hip fully displaces, it is dislocatable; if the femoral head displaces but remains within the acetabulum, it is subluxatable. These tests typically become negative (movement cannot be appreciated) after three months of age as soft tissue laxity decreases. Any physical exam abnormality including hip click should be investigated with imaging.
Screening programs
The utility of DDH screening programs is debated. In 2006, the US Preventive Services Task Force concluded high rates of spontaneous resolution of hip instability and dysplasia, with unclear net benefits from screening [14] . However, late presentation is associated with higher healthcare costs, and screening programs may minimize this risk [24, 25] . The American Academy of Pediatrics recommends periodic surveillance with physical examination and selective hip ultrasonography for infants with risk factors and/or abnormalities on physical exam [19 && ].
Imaging
Ultrasonography is an excellent tool for evaluating infant hips as it uses soundwaves, not radiation (Fig. 1) . The Graf classification system is the historic standard for classifying infant hips (Table 1) [26, 27] . At a minimum, most practitioners document femoral head coverage by the bony acetabulum (% coverage) and the depth/steepness of the bony acetabulum (a angle); coverage of at least 50% and a angle of at least 608 are considered normal. Dynamic ultrasonography involves application of stress to the hip during ultrasound, but should only be performed at initial evaluation and at treatment completion to confirm hip stability. There may be significant variability in standardized sonographic measurements due to examiner-dependent factors [28] . Ultrasound is typically performed by a trained radiology technician, radiologist, or orthopedic surgeon and interpreted by a radiologist, although orthopedic surgeons frequently also evaluate images independently.
Radiographs may be useful starting at 4-6 months of age [19 && ], but can be difficult to interpret before femoral head ossification which occurs by six months of age in 80% of infants and by nine months in 96% of infants [29] . Unless findings are ambiguous, most surgeons prefer to exclusively use ultrasound before the age of six months [30] and start using radiographs after that point. Several reference lines and angles are clinically useful for diagnosis and assessment of severity on radiographs, including Hilgenreiner's and Perkin's lines. In normal hips, the femoral head lies within the inferomedial quadrant formed by these two lines. Before femoral head ossification, the femoral neck pointing toward the tri-radiate cartilage is consistent with a located hip. The acetabular index is used to assess acetabular development. The average acetabular index is 27.58 in newborns and should be 208 or less by two years of age [31, 32] . The International Hip Dysplasia Institute's (IHDI) radiographic classification system has high inter-rater reliability for quantifying femoral head displacement and is recommended for future clinical and research endeavors (Fig. 2) [33 && ]. Abnormal radiographic findings may confirm the diagnosis of DDH, but a normal radiograph does not exclude instability.
MANAGEMENT
Bracing
There is debate regarding which abnormal hips require treatment, and timing of treatment initiation. Approximately 80% of unstable newborn hips will spontaneously stabilize by two months of age Graf classification scale for dysplasia of the hip based on ultrasound measurements of the a angle and b angle as demonstrated in Fig. 1 . Reproduced with permission from [27] .
[34 35] . However, most surgeons prefer to immediately treat a hip dislocated at rest (Ortolani positive). When hips are located at rest, but dislocatable (Barlow positive), some surgeons treat immediately and others wait a few weeks to see if instability resolves. If instability persists after three weeks of life, then treatment should be initiated (Fig. 3) . If the hip is stable but has moderate-to-severe undercoverage (coverage <40%, a angle <508), treatment is typically initiated immediately. The hip may show mild immaturity in the first 6-12 weeks of life (a angle of 50-608 or percentage coverage of 40-50%), mild undercoverage may resolve by 6-12 weeks without treatment. In practice, if the ultrasound is not normal by six weeks, we recommend initiation of treatment. A recent study suggests that patients with treatment initiation before 30 days of age were no more or less likely to fail than those with treatment initiated after 30 days [34 & ]. Another study showed greater success with treatment initiation by seven weeks of age [36 && ]. Various abduction orthoses have been used to treat hip instability including the Pavlik harness, hip spica cast, Frejka pillow, Craig splint, Ilfeld splint, and von Rosen splint. In the United States and Europe, the Pavlik harness is by far the most popular brace [30] . The Pavlik harness is indicated for a reducible hip in patients not yet able to stand and has a series of soft straps limiting hip extension and adduction, so the infant has a preferred position of hip abduction and flexion, still allowing hip motion. Stronger infants, those older than 5-6 months overpower the straps and cannot be treated with this harness. Focused teaching is required for appropriate brace application [37] . Complications associated with treatment of DDH may be the result of improper brace application. Femoral nerve palsy occurs in 2.5% of patients treated with a Pavlik harness [38] potentially from excessive flexion, whereas femoral head osteonecrosis occurs in 8.8% [39] and is potentially due to excessive abduction. While under brace treatment, patients are usually followed-up weekly with a physical exam and static ultrasound in the harness. If the hip is stable and reduced, follow-up can be prolonged to every two weeks. After a normal ultrasound, no further imaging is required until the day of planned harness completion, when an ultrasound should be obtained with stress to confirm stability. Minimum treatment time in brace is typically six weeks. Surgeon preference for bracing is influenced by training and practice geography. Our preference is to brace full-time for twice as long as it took for the hip to clinically stabilize, plus six weeks, although other algorithms exist, and treating all infants with three months in harness may be the simplest plan. The practice of weaning (decreasing to part-time brace wear) is controversial; two-thirds of North American and half of European surgeons wean [30] .
Pavlik treatment is successful in approximately 70-95% of cases [39,40 & ]. Risk factors for brace failure include developing femoral nerve palsy, static brace treatment, initially irreducible hips, initiation after seven weeks of age, right hip dislocation, male sex, and Graf-IV hips (high dislocation) [36
There is a 12% rate of residual acetabular dysplasia at 6-12 months in patients treated successfully with a Pavlik harness, with greater risk in Graf-IV hips [42 && ].
Brace failure
If the hip remains unstable by 3-4 weeks, the Pavlik harness should be discontinued [43] . Of the hips that fail Pavlik treatment, 82-87% respond Developmental 45] . However, one study of seven patients with dislocated hips who failed Pavlik harness treatment had no benefit from an Ilfeld abduction brace [46] . If rigid bracing has not reduced the hip, it should also be discontinued after 3-4 weeks.
If bracing fails, the next step is closed reduction under general anesthetic. The timing of reduction is controversial. Some advocate delaying reduction until the ossific nucleus is present due to a hypothesized protective effect against osteonecrosis [47] [48] [49] . However, two recent meta-analyses did not find evidence to support this [50 && ,51 & ]. Closed reduction should be performed as soon as bracing fails, but taking into account the risks of general anesthesia [42 && ]. Our preference is to wait until the infant is three months of age as the anesthetic and procedure are easier in a slightly larger infant.
Intraoperative reduction should be assessed with an arthrogram. Historically more than a 5-mm medial dye pool was considered an indication of nonconcentricity, but as fluoroscopy is not calibrated, more recent work suggests that a medial dye pool less than 16% the width of the femoral head is associated with an acceptable reduction [52] . If the hip is not reducible, not concentric, or not stable with a closed reduction maneuver, or requires extreme positioning to maintain reduction, closed reduction should be abandoned. Following closed reduction, ideal spica cast positioning includes 90-1008 of hip flexion, and 45-608 of abduction with gentle internal rotation. Perfusion MRI has shown compromise to femoral head blood flow with excessive abduction, which was restored with less extreme positioning [ 
Follow-up
After successful treatment, residual acetabular dysplasia is common [60] . Radiographic monitoring is recommended until at least walking age and surveillance until skeletal maturity is typical. Infants treated for DDH are usually evaluated with clinical exam and radiographs at six months, one, two, five, and 12 years. However, a recent study proposes that patients with a normal anteroposterior pelvis radiograph at two years of age do not require follow-up to skeletal maturity [61] . Breech infants are at risk for residual dysplasia despite normal physical exam and normal early ultrasound [63] ; follow-up radiograph at 4-6 months is recommended [2, 63] . In practice, we prefer the radiograph at 6-7 months as the ossific nucleus is more likely to be present with this timing. One-third of patients require subsequent hip surgery after closed or open hip reduction. Caregivers should be counseled about the need for monitoring and additional potential surgery [62] . Even with optimal treatment, DDH hips may develop joint degenerative changes at an earlier age than normal hips.
CONCLUSION
DDH affects 1-7% of infants. In addition to female sex and family history, most risk factors for DDH are related to confined positioning in utero. DDH is commonly associated with other 'packaging' disorders, and patients presenting with associated conditions should be evaluated for DDH. Evaluation is comprised of physical exam and selective imaging of infants with risk factors or physical exam abnormalities. Pavlik harness treatment is successful in most cases, and a rigid hip abduction brace may be trialed if Pavlik harness fails. If hip reduction is not achieved by bracing, a closed or open reduction is indicated. 
